Tandem repeats are highly mutable and contribute to the development of
Importantly, among non-disease CAG repeats, we found a non-coding CAG repeat in TCF4 with high IQR. This repeat was not included in our rare disease list but it has an association with Fuchs endothelial corneal dystrophy (FECD) (MIM#613267). FECD is a commonly seen disease affecting 4-5% of the population older than 40 years [9] . Initially, genome wide association studies (GWAS) showed an association of a SNP (rs613872), but later studies showed this disease has much higher association to a 4.3kb-downstream CAG repeat [10] [11] . This triplet repeat was known to be highly polymorphic [12] , in agreement with our result.
Disease-causing GGC repeats are either in protein-coding or 5'-UTR regions. All known protein-coding GGC repeat diseases are caused by polyalanine expansions. These poly-alanine loci show less variability (IQR=2) than the 5'-UTR GGC loci (IQR=5) ( Figure 1C ). This may reflect the difference in disease mechanisms of protein-coding and 5'-UTR GGC repeats. It is known that poly-alanine is highly toxic to cells [13] and usually fewer than 10 additional alanine residues are enough to cause disease [2] . This may explain our observation that alanine-coding GGCs are less variable in the general population. In contrast, disease-causing 5'UTR GGCs are more polymorphic.
One possible pathomechanism of 5'UTR GGC repeats is gene suppression as seen in fragile X syndrome [5] . Another envisioned mechanism is repeat associated non-AUG translation, which is suspected in the neurological symptoms in patients with FMR1 premutation (more than 55 GGC repeats). The different mechanisms may show different variation patterns of disease-causing GGC repeats.
In addition to triplet repeats, pathogenic expansions of quintuplet repeat loci (represented as AAAAT in hg38) are associated with myoclonic epilepsies [14] [15] [16] . In 2018 and 2019, five AAAAT repeat loci were reported [14] [15] [16] in addition to BEAN1 which causes spinocerebellar ataxia 31 (MIM#117210) [17] . We also observed that disease-linked AAAAT repeat loci have variation in length ( Figure 1A , AAAAT). We examined the variation and length of all intronic AAAAT repeat loci in 16 individuals, and found several highly polymorphic AAAAT repeats including disease loci (IQR=4: SAMD12, BEAN1, TNRC6A, Figure 1D ). Quintuplet AAAAT repeat expansions are associated with newly-discovered types of disease, and pathomechanisms of AAAAT repeat expansions are yet unclear. It may be that undiscovered pathogenic repeats for epilepsy are among the other highly polymorphic quintuplet repeats.
We repeated our analysis using repeat annotations from Tandem Repeats Finder (TRF, a.k.a. simpleRepeat.txt) [18] . The proportions of triplet repeat sequences were similar to those from tantan ( Figure S4A ). We analyzed disease-causing CAG and GGC repeats, and observed similar results to tantan-annotated repeats ( Figure S4B -D), although the TCF4 repeat was not annotated by TRF ( Figure S4B ).
GWAS studies have identified numerous genomic markers over the past fifteen years, however their functional relation to the diseases or traits is usually unclear. It is plausible that tandem repeats near those GWAS markers actually have functional relation to the traits. Our approach found one such example, the TCF4 repeat for corneal disease, so there may be new candidates among the highly polymorphic repeats (Table 1, Figure 1B ). We listed highly polymorphic exonic triplet repeats (IQR>=5) near GWAS signals (<10 kb) from a GWAS catalog [19] (Table 1 ). It is possible that polymorphic tandem repeats contribute to gene expression variation [20, 21] . A recent study showed that tandem repeats which can alter expression of near-by genes are potential drivers of published GWAS signals. Fotsing et al. listed such 1380 tandem repeats as eSTR (repeats associated with the expression of nearby genes) [21], although no Mendelian disease-causing repeats are included in eSTR, possibly because until today most of the known repeat diseases are not caused by altering gene expression levels but by changing protein products. However, there may be more diseases or traits caused by altering gene expression, like Fragile X syndrome. We found an interesting candidate, a 5'UTR GCA repeat in the GLS gene, which is highly polymorphic and also listed as an eSTR. Several lines of evidence show that an 8kb-downstream SNP is associated with reticulocyte count (Table S3 ). GLS encodes glutaminase, which catalyzes glutamine conversion to glutamate, has high activity in red blood cells, and plays a role in glutathione metabolism [22] [23]. It is an intriguing possibility that this 5'UTR repeat actually acts as a driver of the GWAS signals and affects erythrocyte maturation by altering the expression of GLS thus affecting glutathione metabolism. Another candidate, which does not seem to alter gene expression levels but may alter protein function, is MMP24. Three CAG or GGC repeats in MMP24 are highly variable, which has not been reported previously (Table 1 ). These encode poly-leucine, poly-alanine (neither are annotated by TRF) and poly-proline tracts ( Figure 1E , Figure S5 ). Two SNPs (rs2425019, rs747202389) 4.5kb and 7.5kb downstream of these repeats, respectively, are reported to be associated with height [24] . MMP24 encodes a membrane matrix metalloprotease and has roles in embryonic development [25] . It would be interesting to investigate functional consequences of changing these repeats.
These speculative examples need further association studies targeting near-by tandem repeats together with functional studies to elucidate the mechanistic relation to the phenotype.
In conclusion, our results indicate that the disease-causing coding CAG repeats, 5'UTR GGC repeats, and intronic AAAAT repeats are long and variable, but alanine-coding GGC repeats are stable (but long) among the 16 individuals. In addition, we detected highly polymorphic tandem repeats that are associated with common disease (i.e. TCF4 repeats). This suggests that polymorphic tandem repeats may often contribute to common diseases. Our study is limited due to lack of a large number of healthy individuals from multiple ethnicities. Nevertheless, we provide a first example of applying long read sequencing to identify polymorphic tandem repeats. We believe further tandemrepeat surveys using a large number of individuals may provide more insights into human genomes and diseases. 
